Objective: The effects of mitotane on the pharmacokinetics (PK) of co-administered drugs are mostly unknown. The aim of the present study was to describe the effects of mitotane on the PK of the phenotypic probe midazolam and of the tyrosine kinase inhibitor sunitinib. Design: A serendipitous observation was made in two of nine patients who volunteered in a sunitinib pharmacokinetic study. Both patients were diagnosed with adrenocortical carcinoma (ACC) and were exposed to mitotane. The sunitinib PK study was designed to determine the relationship between CYP3A4 activity and sunitinib exposure using 7.5 mg midazolam orally as a phenotypic probe. Patient and methods: Serial blood samples for PK analysis of midazolam, 1-hydroxy-midazolam, and sunitinib were collected at steady-state sunitinib PK (between days 14 and 20). To confirm this observation in the mitotane-exposed patients, midazolam PK was evaluated in two additional patients with ACC and mitotane treatment. Results: The four mitotane-treated patients showed highly induced CYP3A4 activity, even after interrupting mitotane therapy months before study entry, reflected by decreased midazolam exposure compared with the other seven patients (mean AUC 0-12 h (95% CI): 7.6 (5.5-9.7) vs 139.0 (95.1-182.9) mg!h/l respectively PZ0.001) and increased 1-hydroxy-midazolam exposure (mean AUC 0-12 h (95% CI): 409.6 (290.5-528.7) vs 35.0 (26.4-43.6) mg!h/l, PZ0.008). Sunitinib exposure was decreased in the two patients who were co-treated with mitotane (267 and 268 mg!h/l versus 1344 (1079-1609) (mean (95% CI)) mg!h/l). Conclusion: Mitotane has a strong and long-lasting inducing effect on CYP3A4 activity, which will result in clinically relevant interactions with multiple drugs since many drugs are metabolized by this enzyme.
Introduction
Mitotane (o,p'-DDD, C 14 H 10 Cl 4 , molecular weight 320.05, poorly water soluble (0.1 mg/l)) is used to treat patients with adrenocortical carcinoma (ACC) (1, 2) . The adrenocorticolytic effect of mitotane is generated by the covalent binding of reactive metabolic intermediates (acyl chloride metabolites) to still unknown adrenal proteins (3) (4) (5) (6) . Careful monitoring of serum mitotane levels is important, because mitotane has a narrow therapeutic window. Mitotane levels O14 mg/l are required for the therapeutic effects, whereas serum drug levels O20 mg/l correlate with considerable side effects, especially neurologic toxicity (7) . As mitotane accumulates in adipose tissue, the plasma elimination half-life is extremely long (18-159 days) . Consequently, it can take months to reach steady-state PK and, conversely, it also takes months to observe a decrease in plasma levels after discontinuation of mitotane (7) . Unfortunately, many patients show progressive disease despite treatment with mitotane. Therefore, more effective additional treatment modalities are warranted, including polychemotherapy. Surprisingly, there is hardly any information available on the metabolic pathways of mitotane, nor on the potential influence of mitotane on the metabolism of co-administered drugs. However, organochlorine insecticides, to which mitotane is chemically closely related, induce microsomal liver enzymes (8) . In accordance, a case report described an interaction between mitotane and the anticoagulant warfarin which resulted in increased warfarin requirements, suggesting induction of metabolizing enzymes by mitotane (9) . Additionally, a substantial increase in steroid requirement was described in two patients, but observed generally in clinical practice, on mitotane therapy which was explained by hepatic microsomal enzyme induction (10) . Also an increase in bleeding time due to mitotane treatment was noticeably caused by defective platelet function (11) . Controversially, mitotane-induced hypercholesterolemia as a result of increased cholesterol synthesis was believed to be caused by inhibition of cytochrome P450-mediated reactions (12) .
In the present report, the effect of mitotane on cytochrome P450 (CYP) 3A4 activity is described using the phenotypic probe midazolam (13) . Midazolam is extensively metabolized by CYP3A4 and, to a lesser extent, by CYP3A5 (14) . It is used as a phenotypic probe to determine the activity of CYP3A4 (14) . In addition, we describe the effect of mitotane on the exposure to an oral, multi-targeted tyrosine kinase inhibitor; sunitinib. Sunitinib is also metabolized by CYP3A4 to an equally active metabolite SU12662, which is further metabolized to inactive moieties by CYP3A4 (15).
Patients and methods

Patients
A remarkable effect on the PK of sunitinib and midazolam was observed in two patients with ACC who were exposed to mitotane. The original sunitinib PK study was designed to determine i) the relationship between CYP3A4 activity and sunitinib exposure and ii) the effect of grapefruit juice on sunitinib exposure (16) . Both ACC patients showed an aberrant PK profile, e.g. highly reduced sunitinib and midazolam exposure and elevated 1-hydroxy-midazolam exposure. In order to confirm this serendipitous observation, the CYP3A4 activity in two additional patients on mitotane treatment was evaluated using midazolam as a phenotypic probe. Nine patients in total were included so far in the original PK study (16) . Two patients (one male; 46 years old, 72 kg, Eastern Cooperative Oncology Group (ECOG) performance statusZ1 and one female; 42 years old, 65 kg, ECOG performance statusZ1) with metastatic ACC showed progressive disease despite mitotane therapy and were co-treated consecutively with sunitinib as an experimental therapy. The other seven patients (one female and six males; two gastrointestinal stromal tumors, two metastatic renal cell carcinoma, one prostate carcinoma, one chordoma, and one osteosarcoma; median (range) ageZ60 (41-77); weightZ82 kg (68-98); ECOG performance statusZ1 (0-1)) used sunitinib without mitotane therapy. The two additional patients (two females, 71-72 years old, 52-88 kg, ECOG performance status 1-1) were diagnosed with metastatic ACC and were treated with mitotane.
The initial study was approved by the institutional ethics committee (Leiden University Medical Center, The Netherlands), and the nine patients included in the original study patients gave written informed consent before entering the study. The inclusion of two additional patients was informally discussed with the institutional ethics committee, and they agreed with the rechallenge without a new study protocol since the outcome would contribute significantly to regular patient care in mitotane-treated patients. The inclusion of the two additional patients was therefore regarded as a diagnostic tool in regular patient care instead of protocol clinical study.
Study design
All patients in the initial PK study were treated with sunitinib 37.5-50 mg once daily in a '4 weeks on -2 weeks off ' dosing schedule. PK assessment of midazolam and sunitinib at steady-state sunitinib PK was performed between days 14 and 20. A single dose of midazolam 7.5 mg was administered orally concomitantly with the regular dose of sunitinib. Blood samples were collected pre-dose, and 10, 20, 40 min; 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, and 24 h after midazolam and sunitinib administration. The two patients who were included for confirmation of the serendipitous observation received only a single dose of midazolam 7.5 mg. Sunitinib was not co-administered to these two patients since they had no progressive disease under mitotane treatment. Blood samples in these patients were collected pre-dose, and 10, 20, 40 min; 1, 2, 3, 4, 5, 6, 7, 8, 10, and 12 h after midazolam administration.
Measurement
The mitotane concentrations in the four patients were measured by gas chromatographic electron capture detection assay (17) . Sunitinib concentrations were quantified by liquid chromatographic-tandem mass spectrometric (LC-MS/MS) assay (18) . Midazolam and 1-hydroxy-midazolam were measured using a validated LC-MS/MS assay. Briefly, 200 ml plasma was extracted by adding 500 ml of acetonitrile containing midazolam D4 (4 mg/l) and 1-hydroxymidazolam D4 (2 mg/l) as the internal standards, followed by vortex mixing and centrifugation at 38 500 g for 5 min at ambient temperature. The supernatant was collected, and 10 ml was separated on an Atlantis T3 C18 analytical column (2.1!50 mm, particle size 3 mm) and eluted with the following gradient (flow rate (ml/min)/time (min)/ 
Pharmacokinetic analysis
Sunitinib, midazolam, and 1-hydroxy-midazolam plasma exposure was assessed by non-compartmental methods using WinNonlin (version 5.2.1; Pharsight Corporation, Mountain View, CA, USA). Midazolam and 1-hydroxy-midazolam exposure (AUC 0-12 h ) was assessed over 12 h since midazolam and 1-hydroxymidazolam have a short half-life (1.0-3.5 h and 0.8-1.0 h respectively), and therefore the elimination was nearly completed at 12 h post-dose. Sunitinib exposure (AUC 0-24 h ) was assessed over 24 h. Since two patients received 37.5 mg sunitinib, the calculated AUC was normalized to a sunitinib dose of 50 mg (ZDAUC). The mitotane concentrations of the mitotane users were determined in the pre-dose blood sample.
Statistical analysis
Statistical analysis was performed with an independent sample t-test in which the area under the concentration time curves of midazolam and 1-hydroxy-midazolam in mitotane users were compared with non-mitotaneexposed patients. P values !0.05 were considered to be statistically significant. Calculations were done using SPSS version 16.0 software, (SPSS, Chicago, IL, USA).
Results
Clinical characteristics of patients with ACC Table 1 .
Pharmacokinetic data
Mitotane has an extremely long elimination half-life (18-159 days) and, consequently, an effect of mitotane on co-administered drugs is still present although mitotane therapy had been discontinued several months previously (patient 2) (19) . Indeed, the mitotane serum concentrations were 8.1, 4.9, 17.8, and 9.0 mg/l in patients 1-4 respectively. The mitotaneexposed patients showed highly induced CYP3A4 activity reflected in decreased sunitinib and midazolam exposure (including increased 1-hydroxy-midazolam exposure) ( Fig. 1; Table 2 ). The two mitotane-treated patients showed markedly reduced sunitinib exposure (DAUC 0-24 h ) compared to the other seven patients (267 and 268 mg!h/l versus 1344 (1079-1609; mean (95% CI) mg!h/l respectively, Fig. 1A ) as well as compared with sunitinib exposure levels reported in literature (mean AUC 0-24 h : 965 mg!h/l (20) and 1296 mg!h/l (21)).
In addition, mitotane treatment was associated with strikingly reduced midazolam exposure (AUC 0-12 h ) in all four patients compared to the midazolam exposure measured in the other patients (mean AUC 0-12 h (95% CI): 7.6 (5.5-9.7) vs 139.0 (95.1-182.9) mg!h/l respectively, PZ0.001, Fig. 1B) . Examples of dose-normalized (7. 
Discussion
Mitotane treatment was associated with induced metabolism of midazolam as well as of sunitinib in the two patients in the original PK study. This serendipitous observation was confirmed in two additional patients, who were treated with mitotane and also showed markedly induced midazolam metabolism. Since midazolam is mainly metabolized by CYP3A4 with little affinity for CYP3A5, ABCB1, and ABCG2, our observation is most likely the result of a strong inducing effect of mitotane on CYP3A4 activity (14, 24, 25) . The small number of patients in this report may seem as a limitation. However, the effect of mitotane on CYP3A4 activity is very convincing since the exposure to the parent compound (midazolam) as well as the metabolite (1-hydroxy-midazolam) shows a similar pattern in each patient. Additionally, the levels of midazolam and 1-hydroxy-midazolam in the rechallenged patients were exactly as expected.
This observation is clinically highly relevant, since many drugs are metabolized through CYP3A4, e.g. simvastatin, clarithromycin, cyclosporine (26) . Consequently, co-administration of mitotane will result in considerable drug-drug interactions, as observed with midazolam and sunitinib. This inducing effect of mitotane on CYP3A4 is apparently extremely potent, even in comparison with the strongest CYP3A4 inducer described yet, rifampicin (27) .
Three out of the four patients had a subtherapeutic mitotane plasma concentration at the moment of the drug interaction study (i.e. !14 mg/l). The mitotane exposure levels might be of influence on the magnitude of the effect on CYP3A4. However, there was no relationship observed between mitotane exposure levels and the reduced midazolam exposure and increased 1-hydroxymidazolam exposure in this small group of patients. In conclusion, in this pharmacokinetic study, we observed a very strong CYP3A4-inducing effect of mitotane, which led to a considerable drug-drug interaction with sunitinib, even after 2 months of cessation of mitotane therapy. This strong CYP3A4-inducing effect of mitotane will also affect the PK of other drugs, which are metabolized by CYP3A4 and thus can result in considerable drug-drug interactions. We cannot exclude additional effects of mitotane on other metabolizing enzymes. Therefore, all physicians treating ACC patients with mitotane should be aware of these potential drug interactions, which can result in inadvertent therapeutic failure of the co-administered drugs.
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